A method for measuring inwardly directed transmembrane tracer flow during the cardiac cycle was developed and applied to a study of 42 K influx in frog atrial trabeculae. A fine frog atrial fiber was suspended in a stream of nonisotopic perfusate into which a small tracer-containing bolus could be injected, subjecting the fiber to a brief, controlled exposure to the tracer at any desired point in the cardiac cycle. In an experiment, the tissue was exposed to a fixed number of radioactive pulses at a selected point in the cardiac cycle; a brief flush with nonradioactive perfusate removed ambient and extracellular label and an extended wash removed the remaining intracellular tracer for radioassay. The same procedure was repeated at different points in the cycle, and the resulting tracer uptake at each point measured the relative influx of the particular ion. In this way, a characteristic and reproducible "K influx profile was demonstrated which exhibited a marked drop below diastolic values during the first 500 msec or so of the action potential followed by a rise and an overshoot above resting values. The time of return to the resting level was somewhat uncertain but was tentatively placed in the vicinity of rapid repolarization. We suggest that the rise and the overshoot reflect the activity of the membrane Na + ,K + -adenosinetriphosphatase.
• We have previously reported a successful method for the direct measurement of transmembrane tracer efflux during the cardiac cycle and have described in detail the efflux profile of 42 K from amphibian atrial trabecula (1) . From the tracer efflux pattern, we have concluded that rapid depolarization is followed promptly by a marked reduction (below the resting level) in K + efflux which continues for the duration of the plateau of the cardiac action potential. The data also support the conclusion that a return of K + outflow to the resting level occurs simultaneously with rapid repolarization of the membrane and with similar kinetics. The magnitude of this increase in K + efflux is sufficient to account quantitatively for the outwardly directed current of the electrical event.
These results underscore the desirability of developing a method for measuring the corresponding inwardly directed transmembrane tracer flow during the cardiac cycle. The present paper describes the methods developed and reports our progress in elucidating the 42 K influx profile.
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Methods

GENERAL PRINCIPLE
In the early period of tracer uptake by a tissue, while the internal concentration is still small and back diffusion is negligible, measurement of the uptake can provide a reliable indicator of the tracer's rate of one-way inward movement. This simple principle provided the basis for the present method of measuring tracer influx. Development of the method centered on reproducibly confining tracer uptake by the tissue to specific points in time within the cardiac cycle. This goal was accomplished by exposing the test tissue to trains of controlled isotopic Ringer's solution pulses (boluses) carried within a fluid medium bathing the tissue. To ensure reproducibility, sensitive monitoring methods were devised to detect the time course of the bolus and its encounter with the tissue.
METHOD AND PROTOCOL
A description of the main features of this technique as they apply to 42 The operation of the bolus injection pump and the electronic stimulator which induced regular cardiac action potentials could be programed to expose the tissue to a radioactive bolus at any desired point in time during the cardiac cycle. In addition, the duration of bolus exposure to the fiber could be varied reproducibly from a few milliseconds to the entire cardiac cycle. Thus, the timing in the cycle and the duration of exposure could be altered as desired.
In an experiment, the fiber was exposed to a given number of radioactive (hot) pulses which arrived at the Circulation Research, Vol. 37, November 1975 597 -HOT' PERFUSION CAPSULE Bo/asms. 150 msec) . The time interval between hot and cold boluses in the FC-80 system was determined by the carrier flow velocity and the length of the interconnecting tube segment between the inlets {52-54 msec). When the Ringer's solution carrier system was in use, the cold reservoir was disconnected. The initial step in the fiber stimulation and the bolus generation pathway was a variable-rate synchronizing pulse which was set at ':i Hz {Tektronix rate/ramp generator model 26G1). After a variable delay, a pulse was generated {Tektronix pulse generator model 26G2) which passed through an optically coupled stimulus isolator {Tektronix model 2620) before reaching the atrial preparation. Thus, both bolus and stimulation pulses {with independently variable delays) could be set to occur at any time during the 3-second cycle, thereby establishing the bolus-stimulus timing interval. When the nonconducting FC-80 was employed as the carrier, the platinum wire mounting clip-frame was split in two and rejoined with a short nonconducting epoxy bridge to electrically isolate the ends of the preparation {see b, inset). When the clipframe was positioned in the perfusion capsule with the metal ends adjacent to the platinum stimulating electrodes {mounted flush with the surface of the capsule channel), stimulation of and recording from the preparation were effected. A second Holter peristaltic pump provided the fast flush of Ringer's solution to remove extracellular and ambient tracer. The slow sampling wash was delivered by motor-driven syringes {Bronwill infusion pump model 1830). Waste and sampling washes were collected in separate lines operated under gentle vacuum {waste line and vial not shown). A Tektronix model 5I03N oscilloscope system with twin 5A18N dual-trace amplifiers and a Dll single-beam storage display unit was employed to monitor and record four parameters: the bolus triggering signal, the initiation, amplitude, and duration of the preparation stimulus, the temporal characteristics of bolus passage via a bridge detector {note that the bridge was removed from the stimulation circuit when it was not in use), and, finally, the opening and closing of the bolus-generating valve, monitored by a vibrometer {crystal phonograph cartridge) mounted on the control valve assembly. Clay Adams Intramedic polyethylene and Dow Corning medical-grade Silastic tubing of appropriate diameters provided the various conduits.
FIGURE 1
Diagram of the perfusion system {not to scale
selected time in the cardiac cycle (37 msec into the 3-second cycle, for example). Following the period of repetitive pulsing, a brief flush of nonisotopic (cold) Ringer's solution was initiated to remove ambient and extracellular label (15.1 ml/min). The remaining intracellular isotope was removed by a wash with cold Ringer's solution lasting about 1 hour, during which the flow rate was 0.2 ml/min. Collection was made in several periods of equal duration, for reasons given later, and each fraction was transferred (sample + wash = 5 ml) to a vial contain-ing 15 ml of Aquasol (New England Nuclear Corp.) and counted in a Packard liquid scintillation spectrometer for a minimum of six 5-minute intervals. Subsequently, the same procedure was repeated at different points within the cardiac cycle, and the resulting tracer uptake in each period was taken as a measure of the relative influx of the particular ion. In this way, relative ionic influxes were probed, point by point, throughout the cardiac cycle. (Calculation of absolute fluxes was made with the help of measurements obtained in other ways, e.g., tracer exchange kinetics [2] ). For such relative influx values to be comparable, experimental conditions must be exactly duplicated during the determination of each point, and the functional state of the preparation must remain unchanged. Maintenance of the steady state with regard to total fiber K + is an important prerequisite in attempts to measure K + influx and a troublesome problem in experiments which must extend over many hours; in the present study, the determination of one experimental point required approximately 1 hour. However, the isolated frog atrial trabecula is admirably suited to this problem and, when it is handled properly, can exhibit a steady state with respect to both developed tension and total fiber K + for several days (2, 3) . The main features of the experimental system are illustrated in Figure 1 .
In practice, the resting influx measured at a fixed time late in diastole was taken as a reference point, and its value was determined repeatedly during the course of an experiment, interspersed between measurements made at other times in the cardiac cycle. Good agreement between the reference measurements made over the course of an experiment ensured that all components of the system operated reproducibly. A progressive decline in resting influx presumably signaled a continuing loss of fiber K + and, if marked, constituted grounds for discontinuing the experiment. If the decline was small and linear, it served as the basis for a simple approximate correction of the other data to compensate for a departure from the steady state with respect to fiber K + . When such corrections were applied, they did not alter the results qualitatively. In early experiments, tracer uptake during the reference point in late diastole was repeatedly compared with one other point, e.g., a point in the early plateau. Later experiments were extended to include several points with replicates, and, in a few cases, it was possible to scan the entire cardiac cycle using a single experimental preparation.
The period of collection of the tracer for radioassay was divided into several equal intervals to permit graphic analysis of washout kinetics (2) during each sampling period. The 6.5-minute total elapsed time between the beginning of loading and the start of washout ensured minimal tracer loading, on which the method depends, and the introduction of label predominantly in the main, rapidly exchanging fraction of cell K + (2) and resulted in first-order washout kinetics. Calculations based on a two-compartment series model documented in a prior study (2) and checked by computer simulation indicated that errors introduced by tracer distributed into the smaller, more slowly exchanging of the two compartments (t w ~ 29 minutes) should lie within the counting error of the usual samples. In addition, the determination of washout kinetics aided in the selection of a total sampling time which permitted accurate measurement of activity and provided another on-going indicator of system behavior. Consistent kinetics provided additional evidence for reliable performance, since deviant individual values might signal spurious activity originating from areas outside of the preparation, yet still within the fluid system. Incomplete removal of ambient label, if it had occurred, would have presented a serious problem, since the activity contained in each bolus was several orders greater than the total taken up by the fiber.
In calculating tracer uptake, the fraction of counts retrieved from the preparation during the washout period was estimated from the product kt, where t is the total collection time (minutes) and k is the first-order rate constant for tracer washout (min"') (from k = 0.693/t rt , where tvi equals the half-time of tracer washout determined graphically). The total activity for each experimental run could then be corrected for incomplete washout. In practice, the total sampling period equaled about four times the tissue t%, producing a correction in the total activity for each experimental run which declined to within the counting error by the second or third run.
The method described in this section was applied using both an aqueous and a nonaqueous carrier medium for transporting the isotopic bolus.
THE AQUEOUS CARRIER SYSTEM
In this system, the bolus was injected into a carrier stream of cold Ringer's solution. At the flow velocities tolerated by the atrial trabecula, an important barrier to prompt and effective exposure to the tracer was the unstirred aqueous boundary layer adherent to the fiber ( Fig. 2a ). In an effort to reduce the boundary layer thickness, the preparation was positioned in a locally turbulent flow field using the highest carrier flow velocity compatible with tissue longevity (~ 70 cm/sec).
When, in addition, an enriched 42 K with a specific activity range of 6 to 20 c/g became available, it was possible to obtain reproducible experimental influx profiles using the Ringer's solution carrier system. The bolus profile, as "seen" by the boundary layer and the external surface of an atrial fiber in the Ringer's solution system, was approximated by conductivity measurement, as illustrated in Figure 2a . The large, elongated bolus used resulted in a test capsule ( Fig. 1 , inset) transient time of 140 msec. This long exposure was necessary to provide sufficient time for diffusion through the unstirred boundary layer surrounding the fiber surface. Data from the efflux experiments (1) indicate that the half-time for diffusion equilibrium within the fine atrial fibers is on the order of 25 msec; the diffusion time through the ambient medium was estimated from the flow parameters of the influx system ( Fig. 1 ) to bẽ 75 msec. From this information, the displacement in time of the activity profile at the cell surface could be estimated ( Fig. 2a , broken curve). (In plotting the relative tracer uptake during the cardiac cycle, this estimated displacement was used in selecting the time coordinates.) The influx values obtained represented the mean influx for a period of 200-250 msec, e.g., the estimated period of cell membrane exposure.
Therefore Bolus-trabecula interaction in aqueous and nonaqueous carrier media as estimated by conductivity measurement. Traces in a and b represent actual measurements recorded on the storage oscilloscope as described in the text and Figure 1 . useful in the preliminary work with each new tracer (when averaged influx values across the cycle were desired) and in later studies during periods of relatively slow flux changes.
THE NONAQUEOUS CARRIER SYSTEM
In an effort to elucidate the finer details of the influx profile (e.g., rapid depolarization, repolarization, etc.), we attempted to further decrease the unstirred boundary layer thickness through which the isotope had to pass. One avenue open to us was the incorporation of a water-immiscible liquid as the carrier medium to establish a surface tension between the carrier phase and the preparation-plus-boundary layer. With this two-phase system, the nonaqueous phase could be manipulated (i.e., changes in density, viscosity, etc.) to establish a flow field in which the interfacial tension between the two phases would act to strip the aqueous boundary layer surrounding the fiber to a fraction of the thickness associated with the boundary layer in the homogeneous Ringer's solution carrier system (Fig. 2b) .
The medical fluorocarbon liquid FC-80 (Minnesota Mining and Manufacturing Co.) was selected for the immiscible second phase. FC-80 is a chemically inert liquid with a very high 0 2 solubility, in which the atrial trabecula functions well for prolonged periods.
In FC-80, the undiluted aqueous bolus was carried directly to the centrally located preparation where it hit the upstream end of the fiber (the surface tension did not allow the bolus to divide, as the stream did, into a cylinder bypassing the tissue). Since the bolus was miscible with the tissue boundary layer, it was drawn down onto the preparation, enveloped the fiber from end to end, and finally reformed as a bolus at the downstream end as it left the perfusion chamber. In the present experiments, the entire encounter lasted 50 msec (a minimum of 5-7 msec was possible), leaving the tissue boundary layer virtually equilibrated with the hot bolus.
To define the period of exposure and to ensure that isotopic uptake did not occur outside the defined time period under investigation, a nonisotopic bolus was generated simultaneously with, but upstream from, the hot bolus. The distance upstream was variable but was usually set so that the period of exposure (impact of hot bolus to impact of cold) was approximately 60-70 msec (Fig. 2b) .
The primary difficulty associated with the nonaqueous system was the added complexity of the stimulation procedure. In the Ringer's solution system, the preparation responded to an electrical stimulus propagated through the Ringer's solution to the tissue from wall surface electrodes in the perfusion chamber. When the nonconducting fluorocarbon FC-80 was employed as the carrier, an insulated mounting clip ( Fig. 1, inset) had to be used, and the clip had to be positioned directly over the wall electrodes to establish a stimulation pathway to the preparation.
MONITORING PROCEDURES
The influx technique, as we have described it, is heavily dependent on a precise knowledge of the timing between the course of the action potential and the configuration and location of the bolus. A sensitive recording system was developed to monitor the preparation and bolus parameters (employing a Tektronix storage oscilloscope and pulse-generating modules); all incoming signals were related to an arbitrary zero time. The scope monitor was reset with each cardiac cycle, retaining previous parameter traces for comparison and analysis. The pulse stimulating the fiber and the pulse activating the bolus pump were recorded, as was a vibration transducer signal responding to the mechanical opening and closing of the bolus pump channel. In addition, a signal was recorded indicating the timing and the extent of the interaction between the bolus and the fiber surface boundary layer. This last signal was the output of a sensitive Wheatstone bridge circuit employing the preparation as the active arm. It was extremely sensitive to changes in conductance in the boundary layer and the perfusing fluid.
With these monitoring procedures, we could easily measure stimulus-to-bolus and bolus-to-bolus intervals and bolus arrival, envelopment, and departure from the fiber surface to the nearest millisecond.
SOLUTIONS
The modified Boyle and Conway amphibian Ringer's solution used (4) had the following millimolar composition: NaCl 110, KC1 2.5, CaCl 2 1.1, MgSO 4 1.87, Na 2 HPO < 1.65, NaHJPO, 0.37, and glucose 5.5. The pH of the solution was 7.4. 42 K in the specific activity range of 6 to 20 c/g (prepared from 99+% "K) 1 was incorporated into the Ringer's solution without carrier dilution.
In most of the experiments, the contractile event was suppressed by the use of nickel ion during the isotope uptake to avoid possible artifacts due to contractioninduced changes in the fiber surface and the adherent boundary layer (1) . Furthermore, the use of 2.5-5.0 mM NiCl 2 enhances the relative resolving power of the technique by prolonging the action potential (1).
The carrier fluid FC-80 was distilled on purchase, redistilled prior to each experiment, and equilibrated with Ringer's solution and air before use.
All plastic materials in contact with the perfusion medium were subjected to a prolonged soaking in dilute, warm detergent followed by distilled water (48 hours) to remove plasticizers and other soluble material. Similarly, tubing which was required to carry FC-80 was perfused for an equivalent period in FC-80. All experiments were conducted at 21 ± 1°C.
Other relevant procedural details have been described previously (1) (2) (3) 5) or are given in the legends to Figures  1-4 .
Results
In all, 67 influx experiments were performed; 38 were directed toward the development and evaluation of the method, and the remaining 29 (15 using the Ringer's solution carrier system, 14 using FC-80) focused on the question of a K + influx profile. In the majority of these experiments, it was possible in a single preparation to explore only a limited segment of the cardiac cycle. In 5 experiments, a scan of the entire cycle proved possible. The results of both the fragmentary and the complete runs were qualitatively consistent. Figure 3 illustrates an early single-phase experiment using Ringer's solution as the carrier in which it was possible to estimate tracer uptake (during 250-msec periods) in one preparation at approximately 500-msec intervals throughout a cardiac cycle having a total duration of 3 seconds. It is important to note that in this and all subsequent Figure 2a . Ringer's solution containing 2.5 mM Ni 2+ served as the carrier medium; the "K boluses were 6-6.5 ^liters, the cycle length was 3 seconds, and each bar represents the uptake resulting from 100 exposures to the isotope (i.e., one run). The sequence of runs is indicated by the numbers adjacent to each bar. The bottom curve, reproduced from a previous study (ref. 1, Fig. 2) , represents the t2 K efflux from a Ni 2 *-inhibited amphibian atrial trabecula. The top curve represents the action potential (A.P.) and shows the prolonged plateau induced by exposure to Ni 2+ . Brackets indicate ± 2SD. experiments three replicate measurements of tracer uptake at the reference point in late diastole were made at the beginning, near the midpoint, and as the final run to act as a check against preparation deterioration. This influx profile is indicative of the subsequent two-phase immiscible carrier experiments in which the signalto-noise ratio was improved. Figure 4 presents the results of another experiment, also with uptake measurements at ~500msec intervals across the cardiac cycle, using the immiscible carrier (FC-80). This figure can be regarded as a summary of the bulk of the present data, since the results are in substantial agreement with experiments using the Ringer's solution carrier system (Figs. 3 and 5 ) and those using both carriers in which a less complete scan was possible.
ng (dry weight). Tracer measurements were made at ~500-msec intervals throughout the cardiac cycle. Vertical bars give the level of tracer uptake. Countslmin are corrected for background, isotope decay, and, in this experiment, a slow linear potassium loss. In locating each bar on the time axis, the leading edge represents the arrival of the bolus at the preparation site and the stippled and solid portions of the bar indicate the most probable period and intensity of the tracer exposure at the cell membranes, as explained in the text and in
In the experiments depicted, it is important to note that the three replicate measurements of tracer uptake at the reference point in late diastole are in very close agreement. The remaining data points, representing runs made in random order, show differences that lie far beyond the counting error and exhibit the same orderly pattern indicated in the earlier Ringer's solution carrier experiment (Fig. 3) . Figure 5 is a single experiment representative of more recent Ringer's solution carrier experiments designed to investigate a portion of the cardiac cycle. This experiment employed the local nearturbulent flow techniques described in Methods and Figure 1 , which resulted in increased tracer uptake (and hence a better signal-to-noise ratio) but were still limited by the necessarily long exposure times. Note that the three end-diastolic values are in close agreement and that the main characteristics of the two-phase influx profile are discernible except for the early peak.
FLUX PROFILE CHARACTERISTICS
The early peak in Figure 4 , which shows about twice the activity of the diastolic reference point 500 1000 1500 m Sec
FIGURE 4
"K influx delineated by the nonaqueous carrier system; this figure illustrates a representative experiment presented in the same manner as Figure 3 . Fig. 2b) . Both hot and cold boluses contained 2.5 mtA Ni 2 *. The three repetitive runs made at 2,600 msec (late diastole) spanned the 10-hour experiment; no change in the "K influx level was discernible. This figure can be regarded as a summary of the bulk of the present data, since the results are in substantial agreement with experiments using the Ringer's solution carrier system (Figs. 3 and 5 ) and those using both carriers in which a less complete scan was possible. A.P. = action potential. Circulation Research, Vol. 37, November 1975 3000 FIGURE 5
i2 K influx using the present Ringer's solution carrier system; data are presented as they are in Figure 3 . Uptake measurements were made primarily during early systole in an amphibian atrial trabecula 1.8 mm in length, 0.10-0.17 mm in diameter, and 2.6 \ig dry weight. Due to local, near-turbulent bolus flow in the uicinity of the trabecula, the boundary layer thickness was reduced, resulting in greatly improved sensitivity compared with the experiment in Figure 3 . This experiment exemplifies the many experiments employing both carrier solutions which were designed to investigate portions of the cardiac cycle. The three end-diastolic measurements are in close agreement; no evidence of fiber K + loss over the 8-hour experiment was observed.
and corresponds approximately with rapid depolarization, was recorded in a total of four experiments carried out in FC-80 with nickel blocking. In one experiment, in which duplicate values were obtained for rapid depolarization, the values (± 2 SD) were 2,076 ± 58 counts/min and 2,081 ± 70 counts/ min compared with diastolic reference values of 383 ± 38 counts/min and 986 ± 48 counts/min, approximating a ratio of 2:1 as observed in Figure  4 . The initial peak was not observed in the 12 Ringer's solution carrier system experiments covering this interval, most likely because the extended period over which isotopic exposure occurred (~250 msec) resulted in an average influx value representing end-diastole, the desired brief period of rapid depolarization, and a segment of the early plateau region. Experiments designed expressly to detect the early peak using the Ringer's solution system have not been carried out.
The decline in tracer uptake below the resting level noted during the first 500 msec of the action Dotential in Figures 3-5 was observed in all of the technically acceptable experiments in which this Deriod was probed (eight experiments using the single-phase carrier system and five in which the two-phase system was employed). Similarly, the late rise in tracer influx above the resting level Circulation Research, Vol. 37, Nouember 1975 noted in Figures 3-5 was observed in all of the technically acceptable experiments in which the region of the plateau was probed at 1,000 msec or more beyond rapid depolarization (five experiments in the single-phase system and four in the two-phase system). Some variability in the timing of this event was noted, a finding that will be dealt with in the Discussion.
Discussion As in the case of the tracer efflux study (2) , two of the main problems which had to be considered were the relation of the observed tracer influx profile to that occurring at the fiber membrane and the accuracy with which the 42 K uptake represented the movement of carrier K + . In Methods we indicated that, although the movement of the isotopic bolus in relation to the cardiac fiber could be timed with an error of a few milliseconds, the tracer transients to which the cell membranes were exposed had to be estimated from calculated diffusion times through an unstirred boundary layer and the extracellular space. This estimate is complicated by an uncertain and variable degree of stirring resulting from local turbulence induced by the mounting device and by the fact that even the finest fibers were several cell diameters across (although an estimated 60+% or more of the cells lay within 8/* of the surface membrane). The deeper cell layers are exposed to a tracer transient progressively delayed in time and depressed in amplitude, which blunts temporal discrimination and introduces a background activity that might diminish the contrast between differing influxes. As previously mentioned, the problem was most apparent in the Ringer's solution system where the boundary layer was large (relative to the FC-80 system) and nonuniform in thickness and retained a significant tracer level for long periods after the bolus had passed (Fig. 2a ). However, since our concern, for the present, is in the broad features of the tracer influx profile, even an unlikely error (while employing the one-phase system) of as much as 100 msec in placing the tracer transient at the cell membrane will not greatly alter the results. The corresponding maximum error in placing the transient in the two-phase system is on the order of 25 msec due to the uniform and greatly decreased thickness of the unstirred boundary layer through which diffusion must occur (Fig. 2b) . The exact location of the period of rapid depolarization was subject to somewhat greater uncertainty because of the variable effect of the nickel ion in prolonging the action potential (an effect in which the seasonal changes in the amphibian are presumed to play a role). The apparent variability noted in the timing of the later rise in tracer uptake (Fig. 3 ) might be a consequence of this factor. (Efforts to devise a method for measuring the duration of the action potential in the same system in which exposure to the tracer occurs are inconclusive at this time.)
In the system employing the immiscible carrier, the question of a background activity due to accumulation of tracer in the aqueous envelope surrounding the fiber must be considered, since this phenomenon would diminish the contrast between differing uptake values. That this phenomenon does not appear to be a significant problem for the present is indicated by the low background (6-8% of the total) and linear uptake values (range 3-20 counts/min bolus" 1 , depending on tracer specific activity and fiber parameters) obtained when the number of boluses to which the tissue is exposed is varied.
Concerning the fidelity with which tracer uptake represents the movement of the carrier ion, the relation of 42 K to K + flux in the present experiments can be inferred from previous studies of 42 K exchange kinetics in the amphibian atrial trabecula (2) . These prior results are compatible with a two-compartment series model in which a major component consisting of 90-95% of the total cellular K + exchanges relatively rapidly with the extracellular space and about a third as rapidly with a small, internal compartment. In view of the brief loading times in the present experiments and the observed first-order tracer washout kinetics, it is reasonable to assume that under the circumstances of the present experiments the preparation behaved essentially as a homogeneous compartment in which observed tracer patterns should correspond closely with changes in carrier flux. Computer simulation using the parameters previously established by 42 K exchange kinetics studies (2) indicated that the correction for a small, more slowly exchanging compartment in series with the main compartment was negligible.
"K INFLUX PROFILE
Assuming that the activity profile depicted in Figure 4 bears a reasonable resemblance to the transmembrane K + influx, we will now briefly consider the possible significance of its various features. The brief initial peak which occurs early in the action potential is assumed to coincide with rapid depolarization as in the case of the K + and Na + efflux profiles, both of which exhibit peaks with maximums in the first 50 msec of the action potential (1) . Although an initial increase in oneway outward flow of K + is consonant with the altered transmembrane voltage, the inward movement is contrary to expectations based on electrochemical gradients. A satisfactory explanation for this observation is not presently available, and a discussion of its possible significance will be deferred pending further investigation.
As in the case of K + efflux (1), the tracer influx falls abruptly to about half the resting value immediately after the brief initial peak. In K + efflux, the diminished transport occurs in the face of an increased outwardly directed electrical driving force resulting from membrane depolarization and is consistent with a decrease in membrane permeability to K + . However, depolarization produces a corresponding decrease in the inwardly directed electrical driving force, and although the diminished influx is in qualitative agreement, the extent of the decrease is appreciably less than that which would be anticipated from the voltage change. This finding suggests that, although permeability to the outwardly directed K + flow has decreased, permeability to the inward flow has increased or that the inward movement is augmented by other factors, e.g., the membrane Na + , K + -adenosinetriphosphatase (the so-called sodium pump).
Even though the end of the period of diminished K + efflux corresponds in time and kinetics with electrical repolarization (1 and Fig. 4 ), influx rises fairly steeply during the plateau and exhibits an overshoot before returning to resting values. The exact relation between the terminal downward slope of the influx profile and electrical repolarization has not been established as yet. However, the rather large and rapid increase in K + influx following the initial depression can be located with certainty during the plateau of the action potential which, in the presence of nickel, is a prolonged, nearly isoelectric event. It seems clear, therefore, that the K + influx must be accompanied by approximately equivalent negative charge or be balanced by outwardly directed positive charge, e.g., Na + transported by the sodium pump.
Whether the results plotted in Figure 4 conform to steady-state requirements can be tested by graphic integration. It is assumed that movement in both directions at the end of diastole is predominantly passive, and the ratio of influx to efflux for this period is set at 0.8 (calculated from influx/ efflux = {f o [K + ] o /f, [K + ],| e EF/lf " where f is the activity coefficient and the other symbols have their usual meaning [2, 6] ). Adjusting for this value and summing over the entire cycle yields an influxefflux ratio of 1.04, in good agreement with steadystate requirements. If it is further assumed that there is a predominantly passive influx fraction which exhibits a somewhat similar contour to the efflux curve and that the prominent bulge on the influx profile which occurs during the plateau is produced by the activity of the sodium pump, as suggested earlier, an approximate value for net K + moved by the pump can be estimated by graphic integration of the difference between the efflux and influx curves. The absolute flux values are obtained from tracer exchange kinetics (2) . The value of 5.3 piw/cm 2 calculated in this way can be compared with the value of 3.4 pM/cm 2 estimated as the net inward Na + flux required for rapid depolarization, indicating that the pump activity as estimated is sufficient to maintain the steady state for both Na + and K + . (It should be noted that the relative values for passive K + influx and efflux calculated for guinea pig atrium from membrane resistance measurements by Fozzard and Sleator [7] are in general accord with this assumption.)
If the influx and efflux curves of Figure 4 are summed algebraically, one obtains a profile describing net transmembrane K + flow throughout the cardiac cycle. The resulting profile is presented, in relative units, in Figure 6 . It appears from this formulation that there is a prominent area of net inward flow that persists into the period of rapid repolarization, apparently contrary to the suggestion, based on the K + efflux data, that K + outward current may account for rapid repolarization (1) . However, if the prominent bulge on the Algebraic sum of influx and efflux data from Figure 4 yields a profile describing the net transmembrane K* flow throughout the cardiac cycle. This sum is presented in relative units, inflow positive, and is shown in approximate relation to the action potential.
Circulation Research, Vol. 37, November 1975 influx curve does not effect a net transfer of positive charge, as suggested, K + efflux must still be considered for a role in rapid repolarization.
Although the time relations are not yet established with certainty, it seems likely that the K + influx curve is actually declining during the period of rapid repolarization, a circumstance also qualitatively consistent with a role for K + in repolarization. However, if one pursues the assumption that the bulge on the influx profile is nonelectrogenic and is superimposed on an inward charge-carrying K + stream of somewhat similar contour to the K + efflux profile (refer again to Fig. 4) , it is only necessary to introduce small differences in timing and inflection to produce a net K + current that can account for both the period of slow repolarization characteristic of the plateau and the period of rapid repolarization. It may be suggested that the event assigned to the membrane pump represents a period of ionic redistribution which sets the stage for rapid repolarization. It is of interest to note that the time course of K + activity measured in the extracellular space of the frog ventricle by means of a K + -selective microelectrode (8) shows approximate qualitative agreement with expectations based on the net K + flow diagram of Figure 6 . Although there is abundant voltage-clamp data to indicate that ionic currents other than those carried by K + may occur in cardiac tissue of different types during the plateau (9), it is of interest that the tetraethylammonium ion, which can produce a plateau on the spike potential of the squid giant axon, also produces in the axon an inward-going rectification of the K + conductance (10) , which is characteristic of cardiac tissue but not normally present in the axon. Thus, it would appear that K + currents are capable of accounting for the artificially induced plateau in the axon, as suggested for the amphibian atrial trabecula by the present results. It should also be pointed out that, if the prominence of the influx profile is indeed due to an ATP-requiring membrane transport mechanism, its temporal relation to electrical events, e.g., rapid repolarization, need not be rigidly fixed. Finally, if the brief net influx noted at the initiation of the cycle represents a transfer of net positive charge, K + may contribute to membrane depolarization during the spike of the action potential.
